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Abstrat
We report the diret observation of quantum oupling in individual quantum dot moleules
and its manipulation using stati eletri elds. A pronouned anti-rossing of dierent exitoni
transitions is observed as the eletri eld is tuned. Comparison of our experimental results with
theory shows that the observed anti-rossing ours between exitons with predominant spatially
diret and indiret harater. The eletron omponent of the exiton wavefuntion is shown to have
moleular harater at the anti-rossing and the quantum oupling strength is dedued optially.
In addition, we determine the dependene of the oupling strength on the inter-dot separation and
identify a eld driven transition of the nature of the moleular ground state.
PACS numbers: 78.67.H 71.35.C 73.21.La 78.55.Cr
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The realization of robust and salable hardware for quantum information proessing is one
of the most hallenging goals in modern solid-state physis. Single harge exitations (exi-
tons) in semiondutor quantum dots represent a partiularly attrative quantum bit (qubit)
sine they an be oherently manipulated using ultrafast laser pulses over timesales muh
shorter than their deoherene time.[1, 2, 3℄ However, for an isolated dot suh approahes
are fundamentally limited to one or two qubit operations[4℄ with little or no prospets for
further salability. As a result, attention has reently shifted towards few dot nanostrutures
that have potential for building more omplex quantum proessors.[2, 5, 6℄ One of the most
promising system for implementing two qubits is a "quantum dot moleule" (QDM) onsist-
ing of a vertially staked pair of GaInAs islands formed via strain-driven self-assembly in a
GaAs matrix.[7℄ Reent experiments have revealed radiatively limited dephasing for exitons
in QDMs[8℄, supporting their potential to perform basi quantum operations using an intrin-
sially salable arhiteture. However, until now little tangible proof for quantum oupling
in QDMs has appeared, despite rst indiations of tunnel oupling from single dot photolu-
minesene (PL) investigations.[9, 10, 11℄ The ndings of these studies are inonsistent with
reent theoretial modeling[12℄, whih undersores the need for realisti alulations that in-
lude strain, quantum and Coulomb ouplings. Moreover, the lak of any diret experimental
observations or onsensus of opinion alls for investigation of tunable systems for whih the
inter-dot oupling an be manipulated. Eletri eld perturbations have been suggested as a
tuning mehanism of the exiton spetrum via the Quantum Conned Stark Eet (QCSE)
providing a useful method to ontrol the strength of qubit-qubit oupling.[2, 5, 11, 13, 14℄
In this letter we report the diret spetrosopi observation of the quantum oupling in
individual QDMs and its manipulation using stati eletri elds. A lear anti-rossing of
two exiton states is observed as the magnitude of the eletri eld (F ) along the QDM
axis is tuned. These observations are repeated for eight single QDMs, providing a lear
and general ngerprint of suh ontrolled quantum oupling. Furthermore, by omparing
our experimental results with realisti alulations of the exitoni states we show that the
observed anti-rossing ours between exitons that have predominantly diret and indiret
harater with respet to the spatial distribution of the eletron and hole wavefuntions.
Good quantitative agreement is obtained between experiment and theory demonstrating a
modiation of the harater of the QDM ground state from diret to indiret as eletri
eld inreases.
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FIG. 1: (Color online) Main panel: Photoluminesene of a single QDM as a funtion of the applied
eletri eld ranging from 15 to 25kV/cm. The two exitons, A and B, show a lear anti-rossing
with a minimum splitting of ∆E=1.4meV at ∼ 18.8kV/cm. Inset: Shemati of the investigated
n-i Shottky diodes. The QDMs are embedded in the intrinsi GaAs layer with the eletri eld
(F ) oriented along the stak axis, parallel to the growth diretion ([001℄).
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To investigate the inuene of eletri eld perturbation on a QDM we performed pho-
toluminesene (PL) spetrosopy on single pairs of self-assembled QDMs embedded in n-
i Shottky juntions. Samples were grown by moleular beam epitaxy on n+−doped [001℄
GaAs substrates. The epitaxial layer sequene was as follows: rstly, a highly doped n+-bak
ontat was grown followed by 110nm of undoped GaAs. The two layers of GaInAs dots were
then deposited separated by a nominally d = 10nm thik GaAs spaer. The two dot layers
onsisted of 8ML (lower dot layer) and 7ML (upper dot layer) of Ga0.5In0.5As deposited at
530
o
C. In a rst growth step, a single layer of islands is deposited and apped by a GaAs
spaer. These buried islands then at as stressors, providing preferential nuleation sites for
dots in the seond layer, diretly above the underlying dot, to reate a QDM.[7℄ Finally, the
samples were ompleted with 120nm of undoped GaAs. Cross setional transmission eletron
mirosopy (TEM) measurements revealed lens shaped dots with vertial and lateral sizes
of ∼ 4nm and ∼ 20nm respetively, the upper dot tending to be slightly larger ompared
with the lower. The samples were proessed into photo diodes equipped with opaque alu-
minium shadow masks patterned with ∼ 500nm diameter apertures to isolate single QDMs
for optial investigation. A shemati of the devie struture is given in the inset of Fig. 1.
By applying a bias voltage between the n-ontat and the Shottky-gate the axial eletri
eld (F ) an be tuned from 0 to ∼ 250kV/cm. For low eletri elds (F < 30kV/cm) the
exiton radiative lifetime is shorter than the arrier tunneling esape time out of the QDMs
and PL-experiments ould be performed.
Typial PL-spetra obtained at low temperatures (T= 10K) from an individual QDM
as a funtion of axial eletri eld are presented in the main panel of Fig. 1. The spetra
were reorded with very low exitation power (Pex ∼2.5Wm
−2
) to ensure that only single
exiton speies are generated.[15℄ At low eletri elds (F ≤ 17kV/cm) a dominant spetral
line, labeled A in Fig. 1, is observed. This feature shifts weakly with inreasing F due to
the QCSE until, at an eletri eld of F ∼ 18.5kV/cm, the shift rate of A strongly inreases
and its intensity quenhes rapidly. Over the same eletri eld range a seond peak, labeled
B in Fig. 1, exhibits preisely the opposite behavior: it is weak and shifts rapidly for
F . 18.5kV/cm whereafter the shift rate dereases and the peak gains intensity relative to
A. The relative intensities of A and B are found to be anti-orrelated as presented in Fig.
2() whih shows IA /B /(IA + IB ). For F < 18.5kV/cm peak A has greater osillator
strength, at F = 18.8kV/cm both branhes are equally intense and at high elds peak
4
B dominates. The overall redution in the absolute PL intensity arises from eld indued
suppression of arrier apture and the transition of the groundstate to an optially inative
state. The peak positions and energy splitting of peaks A and B are presented in Figs.
2(a) and (b) as a funtion of F . Clearly, the minimum energy splitting (∆E = 1.4meV)
ours at F = 18.8kV/cm. When onsidered together the data presented in Figs. 1 and 2
demonstrate that A and B anti-ross as they are tuned into resonane. Suh anti-rossings
are a lear signature of a tunable, oupled quantum system. Similar results were obtained
from eight dierent QDMs.
In order to understand these observations we performed alulations of the single exiton
states and their DC Stark shift for our QDMs based on strutural information obtained from
our TEM-mirosopy and previous studies of the omposition prole of similar Ga0.5In0.5As
dots.[16, 17℄ A one band eetive mass Hamiltonian was used to alulate the single-partile
states inluding a full treatment of strain and piezoeletri eets. The Coulomb interation
between the eletron and hole was treated self-onsistently to obtain the exitoni transition
energies.[18℄ The alulated energies of the four lowest lying exitoni states of suh idealized
QDMs are presented in Fig. 3(a) as a funtion of the dot-dot separation (d), dened as the
separation between the wetting layers of the two dots.
For d > 9nm the tunneling oupling between the two dots is weak and the four exiton
states an be readily disussed in terms of a simplied single partile piture. Within this pi-
ture, two speies of exitons an be distinguished: diret exitons, in whih the eletron and
hole are loalized in the same dot, and indiret exitons, in whih the eletron and hole are
in dierent dots. The diret (indiret) exitons form the lower (upper) pair of states shown
as blak (gray) lines in Fig. 3(a). The energy separation is due to the attrative Coulomb
interation (∼ 20meV) whih is present only for diret exitons with large eletron-hole
overlap. The diret and indiret branhes themselves are non-degenerate, split by ∼ 3meV
due to the long-range inuene of the strain eld of the lower QD on the bandstruture of
the upper. Within our simplied piture, the two states in eah branh orrespond to hole
loalization in the upper or lower dot respetively as depited shematially by the ions in
Fig. 3(a). For dereasing d the eletron omponent of the exiton wavefuntion hybridizes
into bonding and anti-bonding orbitals whilst the hole remains essentially unoupled due to
the muh larger eetive mass. For d . 9nm, the eletron tunnel oupling energy beomes
large (& 20meV) and, using simpler models, a strong red-shift of the lowest lying exiton
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FIG. 2: (a) Calulated and experimentally obtained exiton energies of state A and B as a funtion
of the eletri eld for model QDMs as desribed in the text.(b) Energy splitting between A and
B and () Relative intensities IA /B /(IA + IB ). The vertial line indiates the eld-oinidene
of minimum ∆E and equal relative intensities, illustrating the lear anti-rossing.
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state would be expeted as reported previously in ref. [9℄. In strong ontrast, the alulated
energy of the lowest exiton level in Fig. 3(a) atually exhibits a blue-shift as d is dereased.
This eet arises from the ombined inuene of the redued eletron-hole Coulomb intera-
tion (the eletron omponent of the wavefuntion beomes deloalized over both dots whilst
the hole hybridization is weak) and the widening of the bandgap due to mutual strain eld
penetration from one dot into the other. We note that the results of our alulations pre-
sented in Fig. 3(a) are in very good agreement with reent pseudopotential alulations that
go beyond our one-band model, whilst emphasizing learly the importane of both strain
and Coulomb eets to treat the exiton spetrum of self-assembled QDMs.[12℄ In the limit
of weak tunneling oupling (d > 9nm) higher order eets are negligible and our simula-
tions, presented below, quantitatively desribe the eld dependene of the exiton transition
energies.
For our alulations we foused on similar QDMs to those investigated experimentally
(d = 11nm) in order to desribe quantitatively the dierent QCSE of the diret and indiret
exitons as the eletri eld (F ) is tuned. As disussed above the two exiton speies
in weakly oupled QDMs dier in their spatial eletron-hole ongurations. The energy
peturbation due to the QCSE is given by∆EStark = p·F , where p = e·s is the dipole moment
of the exiton and s the vertial separation between the entre of the eletron and hole
harge distributions. For diret exitons the eletron and hole wavefuntions are loalized
in the same QD and separated by sdirect . 1nm leading to a small exitoni dipole moment
pdirect ∼ e · sdirect. The magnitude of pdirect is weakly dependent on F and is not sensitive to
the interdot separation (d). This gives rise to a weak paraboli Stark shift omparable to
single layer samples.[19℄ In ontrast, for exitoni states with indiret harater the eletron-
hole separation is muh larger (sindirect ∼ d) and therefore the dipole (pindirect = e ·d) is large
and independent of F . From these simple onsiderations, we expet relative tuning of diret
and indiret exitons due to the strong linear shift for indiret and the weak paraboli shift
for diret exitons.[14, 19℄ This behavior an be seen in Fig. 3 (b) where the splitting of
the indiret (orange urve) and diret (blak urve) states redues for 0 < F (kV/cm) . 10
aording to ∆EC ∼ E
0
C − e · (d − sdirect) · F with E
0
C ∼ 15meV. For F ∼ 15kV/cm diret
and indiret exitons are tuned into resonane and the eletron omponent of the exiton
wavefuntion beomes deloalized over both dots, forming symmetri and anti-symmetri
moleular states. These two hybridized states are split by the tunneling oupling energy of
7
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FIG. 3: (Color online) (a) Exiton energy as a funtion of dot separation (d) for idential dots with
the strutural parameters desribed in the text. The diret (blak) and indiret (gray) branhes
are non-degenerate, representing states with the hole in the upper (solid) and lower (dashed) QD.
(b) Stark shift for exitoni states with the hole loalized in the upper QD for d = 11nm. As
disussed in the text the ground state undergoes a transition from diret to indiret harater at
F ∼ 15kV/cm and shows an anti-rossing with the initially indiret exiton. The dashed line is the
alulated QCSE of a single dot, for omparison.
∆E ∼ 5meV for d = 11nm giving rise to the experimentally observed anti-rossing. For
F > 15kV/cm the Stark energy of the indiret exitons exeeds the Coulomb interation of
the diret exiton. Therefore, the nature of the QDM ground state hanges from diret to
indiret as depited shematially in Fig. 3 (b). Sine the eletron-hole overlap for indiret
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exitons is negligible, only diret exitons are optially ative. At the anti-rossing these
two speies annot be distinguished due to eletron oupling whih leads to nite osillator
strength of both branhes. For F > 15kV/cm the ground state lo ses osillator strength,
due to its indiret harater, as observed experimentally via the eld indued quenhing of
state A.
We adapted the strutural parameters of the model QDMs to obtain the best t to the
experimental data by slightly adjusting the relative size of the dots in the upper and lower
layers and the dot-dot separation. The lines of Fig. 2(a) ompare our alulations with the
experimentally measured peak positions of A and B as a funtion of F . For the tting, the
eletri eld at whih the anti-rossing ours was found to be most sensitive to the relative
vertial height of the lower and upper dots (hl and hu) whilst the anti-rossing energy was
mainly determined by the dot-dot separation d. The best t shown in Fig. 2(a) was obtained
hl = 3.5nm, hu = 4nm and d = 12nm and provides good quantitative agreement with the
experimental data.
We investigated the dependene of the tunnel oupling on d by alulating the anti-
rossing energy splitting ∆E for the model QDMs used to t the experimental data of Fig.
2. The results of these alulations are presented in Fig. 4 and show that ∆E dereases
exponentially from 4.5meV to 1.5meV as d inreases from 10nm to 12nm. This behavior
reets the exponential deay of the tunneling oupling strength for inreasing inter-dot
separation. In the right hand panel of Fig. 4 we plot the energy splitting measured from
eight dierent QDMs and its mean value with the assoiated standard deviation, ∆E =
1.6± 0.3meV, as indiated by the horizontal shaded region on Fig. 4. By omparison with
our alulations, this value orresponds to an average dot separation of d = 11.9±0.4nm, in
good agreement with the nominal wetting layer separation of 10nm obtained from our TEM
investigations. These ndings provide further support for our identiation of the observed
anti-rossing as arising from a eld driven resonane between exiton states of diret and
indiret harater.
In onlusion, we have demonstrated ontrolled eletroni oupling of exitoni states in
an individual QDM via the observation of a eletri eld indued anti-rossing of spatially
diret and indiret exitons. The observed oupling strength is in good quantitative agree-
ment with theoretial modeling that inludes a realisti treatment of strain and Coulomb
interations. Our results represent the rst diret observation of the ontrolled generation of
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FIG. 4: Calulated anti-rossing energy as a funtion of the dot separation (solid line). The full
line shows a t to the alulated points, desribing the exponential nature of the dot-dot oupling
strength. The horizontal shaded bar indiates the standard deviation of the experimental values.
The vertial bar represents the dot separation derived form the experimental data and the alulated
values of ∆E.
a moleular state in a QDM by an externally ontrolled parameter (gate voltage) and may lay
the foundations for saling exiton qubits in semiondutor quantum dots by manipulation
of the oherent oupling between QD states.[5℄
The authors gratefully aknowledge nanial support by Deutshe Forshungsgemein-
shaft via SFB631 and A. J. Cullis, M. Migliorato and S. L. Liew of the University of
Sheeld, U.K. for TEM mirosopy.
[1℄ for an overview see: E. Beham et al. Phys. Status Solidi C 1, 2131 (2004) and referenes herein
[2℄ E. Biolatti, R. C. Iotti, P. Zanardi, and F. Rossi Phys. Rev. Lett. 85, 5647 (2000)
[3℄ A. Zrenner et al. Nature (London) 418, 612 (2002)
10
[4℄ X. Li et al. Siene 308, 809 (2003)
[5℄ J. M. Villas-Boas, A. O. Govorov, and S. E. Ulloa Phys. Rev. B 69, 125342 (2004)
[6℄ G. Shedelbek et al. Siene 278, 792 (1997)
[7℄ Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi Phys. Rev. Lett. 75, 2542 (1995)
[8℄ P. Borri et al. Phys. Rev. Lett. 91, 267401 (2003)
[9℄ M. Bayer et al. Siene 291, 451 (2001)
[10℄ G. Ortner et al. Phys. Rev. Lett. 90, 086404 (2003)
[11℄ G. Ortner et al. Physia (Amsterdam) E25, 249 (2004)
[12℄ G. Bester, J. Shumway, and A. Zunger Phys. Rev. Lett. 93, 047401 (2004)
[13℄ I. Shtrihman, C. Metzner, B. D. Gerardot, W.V. Shoenfeld, and P.M. Petro Phys. Rev.
B 65, 081303(R) (2002)
[14℄ W. Sheng and J. P. Leburton Phys. Rev. Lett. 88, 167401 (2002)
[15℄ Under the extremely weak exitation onditions employed here the typial ount rate is only
∼ 0.2 ps per hannel.
[16℄ J.J. Finley et al. Phys. Rev. B 70,201308(R) (2004)
[17℄ The modeled QDMs onsist of two idential square-based trunated pyramids with a base
length of 20nm, a height of 5nm and an inverted pyramidal alloy prole on a 0.5nm wetting
layer. see N. Liu, J. Terso, O. Baklenov, A.L. Holmes, and C.K Shih Phys. Rev. Lett. 84,
334 (2000)
[18℄ J. P. Perdew and A. Zunger Phys. Rev. B 23, 5048 (1981)
[19℄ P. W. Fry et al. Phys. Rev. Lett. 84, 73 (2000)
11
